Many Moraxella catarrhalis strains are resistant to the bactericidal activity of normal human serum (NHS). The UspA2 protein of the serum-resistant strain O35E has previously been shown to be directly involved in conferring serum resistance on this strain. Testing of 11 additional serum-resistant M. catarrhalis wild-type isolates and their uspA1 and uspA2 mutants showed that the uspA1 mutants of all 11 strains were consistently serum resistant and that the uspA2 mutants of these same 11 strains were always serum sensitive. Analysis of complement deposition on four different serum-resistant M. catarrhalis strains and their serum-sensitive uspA2 mutants showed that, for three of these four strain sets, the wild-type and mutant strains bound similar amounts of early complement components. In contrast, there was a significant reduction in the amount of the polymerized C9 on the wild-type strains relative to that on the uspA2 mutants. These same three wild-type strains bound more vitronectin than did their uspA2 mutants. UspA2 proteins from these three strains, when expressed in Haemophilus influenzae, bound vitronectin and conferred serum resistance on this organism. Furthermore, vitronectin-depleted NHS exhibited bactericidal activity against these same three serum-resistant wild-type strains; addition of purified vitronectin to this serum restored serum resistance. In contrast, binding of the complement regulator C4b-binding protein by the M. catarrhalis strains used in this study was found to be highly variable and did not appear to correlate with the serum-resistant phenotype. These results indicate that binding of vitronectin by UspA2 is involved in the serum resistance of M. catarrhalis; this represents the first example of vitronectin-mediated serum resistance on a microbe.
ous effects on serum resistance. At least three genes encoding products involved in lipooligosaccharide biosynthesis, including galE (63) , kdsA (33) , and kdtA (45) , have been shown to be necessary for normal expression of serum resistance by M. catarrhalis. To date, however, only the UspA2 protein has been shown to be directly involved in the expression of serum resistance (6) .
UspA2 or the very similar UspA2H protein (30) is expressed by almost every strain of M. catarrhalis studied in this laboratory to date. In a recent survey of nasopharyngeal isolates from a pediatric population in Europe, nearly every strain contained either a uspA2 or uspA2H gene (36) . UspA2 is present on the M. catarrhalis cell surface as a dense layer of short projections (22, 44) , and purified or recombinant UspA2 proteins have been reported to bind vitronectin (Vn; also known as S protein) (34) , C4b-binding protein (C4BP) (42) , and fibronectin (56) . The physiological relevance of these binding activities remains to be fully elucidated, but binding of the complement regulators vitronectin or C4BP could affect serum resistance. Over a decade ago, another laboratory reported that serumresistant but not serum-sensitive M. catarrhalis isolates bound vitronectin [C. M. Verduin, M. Jansze, J. Verhoef, A. Fleer, and H. van Dijk, Complement resistance in Moraxella (Branhamella) catarrhalis is mediated by a vitronectin-binding surface protein, abstr. 143, Clin. Exp. Immunol. 97(Suppl. 2): 50, 1994 ]. More recently, binding of C4BP by M. catarrhalis was proposed to interfere with activation of the classical complement pathway (42) .
In the present report, analysis of the interaction of four serum-resistant M. catarrhalis wild-type strains and their se-rum-sensitive uspA2 mutants with complement components revealed that, for three of these four strains, UspA2 likely interferes with polymerization of C9, thereby interfering with proper formation of the membrane attack complex (MAC) in bacterial outer membranes. The binding of vitronectin to the UspA2 proteins of these three strains was shown to be responsible for this effect. In addition, analysis of mutants showed that C4BP binding was apparently not related to the serumresistant phenotype of these same M. catarrhalis strains.
visualized by chemiluminescence using Western Lightning Chemiluminescence Reagent Plus (New England Nuclear, Boston, Mass.). Antibodies to the M. catarrhalis CopB protein (19) or Hag protein (44) were used to probe membranebound samples to verify equivalent loading of samples. To standardize loading for the N. gonorrhoeae samples, membranes were probed using monoclonal antibody (MAb) 2C3, which recognizes the N. gonorrhoeae H.8 lipoprotein (5) . This antigen ranges in size from 23.5 kDa to 28.5 kDa among different N. gonorrhoeae strains (21) .
Binding of human serum-derived vitronectin to bacterial cells. Whole-cell lysates were prepared from the four wild-type strains and their respective uspA2 mutants as described above and were used to detect binding of vitronectin present in NHS or HIS to these bacteria. The samples were subjected to SDS-PAGE in 12.5% (wt/vol) polyacrylamide gels under reducing conditions, and the separated proteins were transferred to nitrocellulose membranes and probed with a MAb against human vitronectin (Quidel). For recombinant H. influenzae strains, bacterial cells grown to mid-logarithmic phase were incubated with 10% NHS for 20 min at 37°C, and whole-cell lysates were prepared and analyzed as described above. Samples containing equivalent amounts of recombinant UspA2 were used for these analyses.
Depletion of vitronectin from NHS. Immunoglobulin G (IgG) antibody was purified from rabbit polyclonal vitronectin antiserum (Advanced Research Technologies, San Diego, Calif.) by using Gamma Bind Plus beads (Amersham Biosciences, Piscataway, N.J.). Approximately 5 mg of this IgG antibody was coupled to 2.5 ml of Affi-Gel Hz Hydrazide Gel using an Affi-Gel Hz Immunoaffinity kit (Bio-Rad, Hercules, Calif.) at room temperature (RT) overnight. To deplete NHS of vitronectin, a 500-l portion of NHS was incubated with the gel described above in a small chromatography column for 1 h at 4°C with gentle mixing. The liquid was then allowed to drain from the gel. Low-speed centrifugation was used to collect residual liquid from the gel, and all liquid portions were pooled and stored at Ϫ70°C until used. As a control, a 500-l portion of NHS was incubated with a gel that had been coupled to IgG antibody purified from normal rabbit serum under the same conditions described above; the resultant liquid was designated as mock-treated serum. The extent of vitronectin depletion was Ͼ90%, as assessed by both Western blot analysis and the use of an enzyme-linked immunosorbent assay for vitronectin (Innovative Research, Southfield, Mich.). When a Western blot control assay was used to determine whether this absorption method affected the complement in the serum, there was little difference in the amounts of C1q in the mock-treated serum and the vitronectin-depleted serum.
Evaluation of the effect of vitronectin depletion on the bactericidal activity of NHS. Both the vitronectin-depleted serum and the mock-treated serum were used in bactericidal assays at a final concentration of 30% (vol/vol) in VBS ϩϩ in a 50-l reaction volume. In some of these assays, 2.5 g of purified human monomeric vitronectin (Innovative Research) was added to the vitronectindepleted serum. In an additional control assay, 2.5 g of this purified vitronectin was added to 30% HIS, which was then tested for its bactericidal activity.
Construction of recombinant H. influenzae strains expressing M. catarrhalis UspA2 proteins. The uspA2 open reading frames from M. catarrhalis strains O35E, O12E, FIN2344, and 7169 were PCR amplified using the oligonucleotide primer pair AA52 (5Ј-GAAAACCATGAAACTTCTCCC-3Ј) and AA54 (5Ј-TGCCTAGGA AAGCTTTTTGCCTAGGAAAGCTTTT-3Ј; the AvrII site is underlined). Each of these PCR amplicons was ligated by using PCR sewing (32) to another PCR amplicon that contained the promoter region of the H. influenzae ompP2 gene (39) that had been amplified using the oligonucleotide primers P2-pro-5Ј-SphI (5Ј-ACATGCATGCAGATTTATGGATAGCCTTAG-3Ј; the SphI site is underlined) and P2-pro-3ЈU2-5Ј (5Ј-GTTTCATGGTTTTCATAATTTGTATTC CTTATGGTTG-3Ј). The final PCR products were digested with both SphI and AvrII, ligated to the SphI/AvrII-digested plasmid pGJB103M (6), and used to electroporate H. influenzae strain DB117 (54) . Ampicillin-resistant clones were screened for UspA2 expression by Western blot analysis of whole-cell lysates (6) . One UspA2-positive clone derived from each M. catarrhalis strain was verified by nucleotide sequence analysis; these plasmids were designated pAAO35EU2-P2, pAAO12EU2-P2, pAAFIN2344U2-P2, and pAA7169U2-P2, respectively. As a negative control, the ompP2 promoter was cloned into pGJB103M after being amplified with P2-pro-5Ј-SphI and P2-pro-3Ј-AvrII (5Ј-GTCCTAGGAATTTGT ATTCCTTATGGTTG-3Ј; the AvrII site is underlined); the resultant plasmid was designated pAA-P2-pro. These recombinant H. influenzae strains expressed different amounts of the UspA2 proteins, and densitometric analysis with Kodak 1D software, version 3.5.3 (Scientific Imaging Systems, New Haven, CT) was used to quantitate the differences among these strains. To standardize loading for Western blot detection of UspA2, membranes were stained with Ponceau S dye, and a prominent protein band of approximately 40 kDa was used as the internal control. Use of flow cytometry to analyze binding of complement components and regulators to bacteria. Binding of purified C4BP to M. catarrhalis and N. gonorrhoeae strains was assessed by using flow cytometry as previously described (42) . Briefly, 2 ϫ 10 8 to 3 ϫ 10 8 CFU was incubated with 2.5 g of purified C4BP (Advanced Research Technologies) in PBS containing 3% (wt/vol) fish gelatin (Sigma) (PBS-FG) in a 100-l reaction volume at 37°C for 1 h. The bacteria were then washed three times with 500 l PBS-FG, followed by incubation with 1 g of a MAb to C4BP (Quidel) in a 100-l final volume at RT for 30 min. After three washes with 500 l PBS-FG, the bacteria were incubated with 1 g of fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody (Abcam, Cambridge, Mass.) for 30 min at RT. Finally, the bacteria were washed three more times with PBS-FG, and the final pellet was suspended in 1 ml of PBS and analyzed by flow cytometry using a FACScan flow cytometer (Becton-Dickinson). As a negative (isotype) control, all strains were incubated with both the primary and the secondary antibodies but without prior incubation with C4BP.
To measure binding of C3 derived from NHS, bacteria were incubated with 10% NHS in VBS ϩϩ for 20 min at 37°C, put on ice for 5 min, and then washed three times with ice-cold GVBS. The washed cells were then incubated with polyclonal goat antiserum to C3 (Quidel; 1:200 dilution in a 100-l reaction volume) for 20 min at RT, washed three times, incubated with FITC-conjugated rabbit anti-goat antibody (Abcam), and analyzed by flow cytometry. To measure binding of NHS-derived C4BP, C4c, and C4d, bacteria were incubated with 20% NHS in VBS ϩϩ for 30 min at 37°C, put on ice for 5 min, and then washed three times with ice-cold GVBS. The washed cells were incubated with MAbs (1 g each in a 100-l reaction volume) specific for C4BP, C4c, or C4d (Quidel) for 20 min at RT, washed three times, incubated with FITC-conjugated goat anti-mouse antibody (Abcam), and analyzed by flow cytometry. As a negative (isotype) control, all strains were incubated with both the primary and the secondary antibodies but without prior incubation with NHS.
Binding of radiolabeled C4BP to bacteria. Purified C4BP was labeled with [ 125 I]iodine using the chloramine-T method to a specific activity of 805 kcpm/g. Plate-grown M. catarrhalis or N. gonorrhoeae cells were suspended in PBS supplemented with 2% (wt/vol) bovine serum albumin (BSA). Portions of these suspensions containing 2 ϫ 10 8 to 3 ϫ 10 8 CFU were incubated with ϳ300 ng of 125 I-labeled C4BP for 1 h at 37°C in a 200-l volume of PBS-BSA. The bacteria were then washed three times using 500 l of PBS-BSA, and the radioactivity associated with the bacterial pellet was measured using a gamma counter.
Statistical analysis. Statistical analysis was carried out by applying Student's t test using Excel 2003 software (Microsoft Corporation, Redmond, WA). P values of Ͻ0.05 were considered significant.
RESULTS
Effect of uspA1 and uspA2 mutations on serum resistance. The UspA2 protein of M. catarrhalis strain O35E has been shown to be directly involved in the serum-resistant phenotype of this strain (6) . Recently, a uspA1 mutant of a different M. catarrhalis strain (BBH18) was reported to have significantly reduced resistance to serum killing (42) . To determine whether other strains of this pathogen might be dependent on UspA1 for serum resistance, uspA1 and uspA2 mutants of 11 additional M. catarrhalis strains were tested in a serum bactericidal assay using 10% NHS (Fig. 1 ). These strains were isolated in five different geographic areas: Texas, New York, North Carolina, Tennessee, and Finland. In every set of strains tested, the uspA1 mutant either was as serum resistant as its parent strain or had only slightly reduced serum resistance, whereas each uspA2 mutant was exquisitely serum sensitive ( Fig. 1) .
uspA2 mutants of M. catarrhalis are killed via the classical complement pathway. The preceding results reaffirmed the importance of the UspA2 protein in serum resistance. To investigate further how these strains evaded complement-dependent killing by NHS, four strains of M. catarrhalis (O35E, O12E, FIN2344, and 7169) were selected for detailed examination. These strains were found to differ in the extent and means by which they interacted with the complement regulator C4BP (discussed below). Newly constructed uspA2 deletion mutants of strains O12E, FIN2344, and 7169 were used together with the previously described O35E uspA2 deletion mutant O35E⌬2 (6) in a series of bactericidal activity assays. All four wild-type strains and their uspA2 mutants survived equally in heat-inactivated NHS (Fig. 2 , black bars). As expected from previous studies (2, 6), the four wild-type strains resisted killing by NHS, while their uspA2 mutants were exquisitely serum sensitive (Fig. 2 , white bars). To investigate the role of the alternative pathway in this bactericidal activity, factor B-depleted serum (which has a nonfunctional alternative pathway) was tested; it was found that the wild-type strains survived, whereas the uspA2 mutants were readily killed ( 2, gray bars). This result indicated that the classical pathway alone is sufficient for the killing of these uspA2 mutants. To selectively block the classical pathway while retaining alternative pathway function, these wild-type strains and mutants were incubated with NHS in the presence of MgCl 2 and EGTA ( Fig.  2 , striped bars). With all four strain sets, both the wild-type strains and the uspA2 mutants survived at equivalent levels, indicating that the classical pathway initiates and sustains killing of these uspA2 mutants by NHS. In a control experiment, NHS containing MgCl 2 and EGTA was tested in a hemolytic assay with rabbit erythrocytes and shown to be sufficient in alternative pathway activity (data not shown). It should be noted that, in a previous study (6) , killing of the serum-sensitive uspA2 mutant O35E⌬2 by NHS was shown to be IgG dependent.
Deposition of the early components of the complement cascade on M. catarrhalis. To determine the stage of the complement cascade that was blocked by these four serum-resistant wild-type M. catarrhalis strains, these strains and their uspA2 mutants were incubated with either HIS or NHS, lysed, and probed by Western blotting to detect deposited complement components. To obtain points of reference, these same procedures were performed with the well-characterized N. gonorrhoeae strains FA19 (serum resistant) and UU1 (serum sensitive) (51) as positive and negative controls, respectively, for classical pathway-mediated activity. Strain FA19 is serum resistant by virtue of its ability to bind C4BP (51).
C1q. The first complement component is C1q, which binds to the antibody-antigen complex and triggers the activation of the classical complement pathway (53) . No C1q deposition on the N. gonorrhoeae strains was observed (Fig. 3A) . In contrast, C1q deposition on M. catarrhalis was readily detectable. Equivalent amounts of C1q appeared to be deposited on the wildtype parent strain and the respective uspA2 mutants of O35E, O12E, and FIN2344. The uspA2 mutant of 7169 bound little or no detectable C1q for reasons that are not clear at this time. As expected, no C1q deposition was observed with either the wild-type strains or the uspA2 mutants incubated with HIS (Fig. 3A) .
C4. The subsequent step in classical pathway activation is C4 binding. C4 is composed of three polypeptide chains, the ␣-chain (93 kDa), ␤-chain (75 kDa), and the ␥-chain (33 kDa), linked by disulfide bonds. Upon activation, a small fragment (C4a) is released from the ␣-chain, allowing the C4b fragment to attach covalently to the target through an internal thioester bond in its ␣-chain. The polyclonal antiserum to C4 used in the present study reacted primarily with the 75 kDa ␤-chain of C4/C4b (Fig. 3B) . With the N. gonorrhoeae control strains, there was more C4b detected on strain UU1 than on FA19 (Fig. 3B ). There were no appreciable differences in the amount of C4b deposited on the four wild-type M. catarrhalis strains compared to their uspA2 mutants (Fig. 3B) , suggesting that UspA2 did not affect the complement system prior to this step. These data also indicate that the extent of C4b processing on the wild type and uspA2 mutants was similar because the C4b ␤-chain is associated only with unprocessed C4b. As expected, C4b was not detected on bacteria incubated with HIS (Fig. 3B) .
C3. C3 represents the most abundant complement protein and plays a critical role in both the classical and alternative pathways (38) . It is composed of a 117-kDa ␣-chain and a 75-kDa ␤-chain held together by disulfide bonds. Akin to C4, activation of C3 results in covalent binding of C3b via a labile thioester directly to bacterial targets or to the activating C3-convertases (C4bC2a or C3bBb) already assembled on the bacterial surface, the latter leading to the formation of the C5 convertases that are required for further activation of the terminal pathway (38) . More C3b was deposited on N. gonorrhoeae UU1 (serum sensitive and does not bind C4BP) than on N. gonorrhoeae FA19 (serum resistant and binds C4BP) (Fig.  3C) . Differences in the amounts of C3 deposited on the wildtype M. catarrhalis strains and their uspA2 mutants appeared to be modest at best. To measure this more quantitatively, flow cytometry was used to measure C3 binding. The serum-sensitive N. gonorrhoeae strain UU1 bound more C3 than did the serum-resistant FA19 strain (Fig. 3D) , confirming the difference seen by Western blot analysis (Fig. 3C) . Of the four pairs of M. catarrhalis wild-type strains and uspA2 mutants, only the FIN2344 wild-type strain bound significantly less C3 than its uspA2 mutant (Fig. 3D ). As expected, C3 was not detected on bacteria incubated with HIS (Fig. 3C) .
Deposition of late components of the complement cascade on M. catarrhalis strains. The late stages of complement activation include the formation of the MAC, which starts with the activation of C5, leading to the generation of C5b and the sequential binding of C6, C7, and C8. The last component to participate in this complex is C9, which undergoes a conformational change from a globular to an elongated form and binds to the C5b-8 complex, which traverses the bacterial outer membrane. Finally, more C9 is recruited to form a C9 polymer, leading to the formation of pores in the membrane and eventually the death of the cell (38) . The deposition of two components (i.e., C7 and polymerized C9) of the MAC on bacterial cells was analyzed in this study.
C7. Consistent with the results obtained with C4 and C3, there was a reduction in the amount of C7 deposited on N. gonorrhoeae strain FA19 relative to that deposited on strain UU1 (Fig. 4A) . The uspA2 mutants of strains O35E, O12E, and FIN2344 appeared to bind slightly more C7 than their respective wild-type parent strains. As expected, C7 was not detected on bacteria incubated with HIS (Fig. 4A) .
Polymerized C9. The MAb used to detect polymerized C9 recognizes a neoepitope that is formed when C9 polymerizes within the MAC. More polymerized C9 was detected on the serum-sensitive N. gonorrhoeae strain UU1 than was bound to the serum-resistant strain FA19 (Fig. 4B) . A difference was readily apparent between the wild-type M. catarrhalis strains and their uspA2 mutants, with more polymerized C9 being associated with the mutants (Fig. 4B) . Of note, the four strains differed in their "patterns" of C9 polymerization. C9 was distributed equally as trimers and multimers on wild-type FIN2344, and it occurred solely as trimers on wild-type 7169. A faint multimeric C9 band was seen on wild-type O35E, while no C9 was detected on wild-type O12E. In every instance, the uspA2 mutants showed strongly reactive C9 multimers. A decrease of the C9 trimer band with intensification of the C9 multimer band was seen with the FIN2344 uspA2 mutant. Similarly, a shift in C9 reactivity from trimer to multimers was seen with the 7169 uspA2 mutant (Fig. 4B ). These differences that occurred at the level of C9 polymerization raised the possibility that the role of the UspA2 protein in serum resistance might 40, 40) and CD59 (also known as protectin or homologous restriction factor) (43, 47, 58) . It was also previously reported that purified UspA2 protein from M. catarrhalis strain O35E bound purified vitronectin (34) . When the four wild-type M. catarrhalis strains and their respective uspA2 mutants were tested, the wild-type strains O35E, O12E, and 7169 bound more NHS-derived vitronectin than did their uspA2 mutants (Fig. 5) . The 7169 uspA2 mutant showed the most dramatic reduction in vitronectin binding relative to its wild-type parent strain. Heat inactivation of the complement system did not eliminate binding of vitronectin to these three wild-type strains (Fig. 5) , suggesting that vitronectin binding occurred directly to the bacterium, independently of MAC formation. It should be noted that the wild-type strain FIN2344 bound much smaller amounts of vitronectin than did the other three wild-type strains (Fig. 5) .
Serum-resistant M. catarrhalis strains are killed by vitronectin-depleted NHS. If NHS-derived vitronectin bound to M. catarrhalis inhibited polymerization of C9, then removal of vitronectin from NHS should result in an increased susceptibility of the serum-resistant strains to killing by NHS. To test this hypothesis, vitronectin-depleted NHS (Vn-depleted serum) was used in bactericidal assays with the four serumresistant M. catarrhalis strains and their uspA2 mutants. The wild-type strains O35E, O12E, and 7169 (which had been Relative amounts of C3 bound to these strains as measured by flow cytometry. These experiments involved incubation of bacteria in 10% NHS for 20 min at 37°C. The cells were then placed on ice, washed three times, and subjected to flow cytometry using the same primary antibody as used in Western blot analysis. A value of 100 on the y axis represents the relative amount of C3 on the serum-sensitive strain in each pair. The data are the means from three independent experiments. The P value was 0.003 for the N. gonorrhoeae pair and 0.04 for the FIN2344 pair. For the other M. catarrhalis pairs, the differences were not significant.
FIG. 4. Deposition of late components of the complement cascade on M. catarrhalis strains.
The same whole-cell lysates described in the legend to Fig. 3 were used in this experiment. Proteins present in these samples were resolved by SDS-PAGE under nonreducing conditions. (A) Separated proteins were transferred to nitrocellulose membranes and probed with polyclonal antiserum against C7 (110 kDa); (B) separated proteins were transferred to polyvinylidene difluoride membranes and probed with a MAb against SC5b-9 which recognizes a neoepitope in polymerized C9 in the MAC. As a loading control, membranes were probed with the same antibodies as described in the legend to shown to bind vitronectin through UspA2) all exhibited a significant increase in serum susceptibility when incubated in Vn-depleted serum (Fig. 6A , B, and D, respectively). Moreover, when purified vitronectin was added to the Vn-depleted serum, these three wild-type strains exhibited their normal serum-resistant phenotype (Fig. 6A , B, and D, respectively).
To rule out the presence of bactericidal activity in the purified vitronectin preparation, equal amounts of purified vitronectin were added to HIS and shown to have no effect on the survival of these three wild-type strains (Fig. 6) . Interestingly, strain FIN2344, which exhibited a very low level of vitronectin binding (Fig. 5) , did not show any increase in susceptibility to killing by Vn-depleted serum (Fig. 6C) . The uspA2 mutants of all four strains were exquisitely sensitive to killing by both Vn-depleted serum and mock-treated serum (Fig. 6) . Recombinant M. catarrhalis UspA2 proteins expressed in H. influenzae confer serum resistance and bind vitronectin. The uspA2 genes from these four M. catarrhalis strains were cloned and expressed in H. influenzae strain DB117 under the control of the H. influenzae ompP2 promoter on a multicopy plasmid. These recombinant H. influenzae strains expressed various levels of UspA2 protein, with the 7169 UspA2 protein being expressed at a level approximately three to fivefold lower than the others, as determined by densitometry (Fig. 7A) . However, all four recombinant H. influenzae strains expressing UspA2 proteins were fully resistant to the bactericidal activity of 10% NHS, whereas the H. influenzae strain carrying the vector plasmid with the ompP2 promoter was fully serum sensitive (Fig.  7B) . Cells of these four recombinant H. influenzae strains were also tested for their ability to bind vitronectin from NHS. When cell lysates containing equivalent amounts of UspA2 proteins from these recombinant strains were probed with the vitronectin MAb, it was found that the recombinants expressing the O35E, O12E, and 7169 UspA2 proteins all bound readily detectable amounts of vitronectin (Fig. 7C) . No binding of vitronectin was observed with the vector-only strain, and barely any binding was observed with the strain expressing the FIN2344 UspA2 protein (Fig. 7C) . When the amount of recombinant FIN2344 UspA2 protein was increased in this assay, vitronectin binding was readily detectable (data not shown). These data confirmed that M. catarrhalis strains O35E, O12E, and 7169 bound NHS-derived vitronectin through their UspA2 protein while the FIN2344 UspA2 protein exhibited much less vitronectin binding.
M. catarrhalis strains differ in their binding of purified C4BP. It was recently reported that two serum-resistant M. catarrhalis strains (i.e., RH4 and BBH18) bound the complement regulator C4BP mainly through their UspA2 protein (42) . However, the preceding experiments indicated that UspA2-mediated vitronectin binding was most likely responsible for the serumresistant phenotype of M. catarrhalis strains O35E, O12E, and 7169. To determine whether C4BP binding was involved with the serum-resistant phenotype of these three strains, we tested these three strains and their uspA1 and uspA2 mutants for their ability to bind purified C4BP. In addition, we tested the other nine wild-type, serum-resistant M. catarrhalis strains and their mutants ( Fig. 1) for this binding activity. Flow cytometric analysis revealed that these 12 strains differed markedly in both the amount of C4BP bound and the binding moiety; these differences are summarized in Table 2 . N. gonorrhoeae strains FA19 and UU1 (51) were used as positive and negative controls, respectively, for C4BP binding in these flow cytometric experiments ( Fig. 8A and B) .
Data from four M. catarrhalis strains representing the different C4BP binding phenotypes (Table 2 ) are presented in Fig. 8 . The wild-type O35E strain (Fig. 8C ) bound low levels of purified C4BP; a further reduction in C4BP binding was observed with its uspA1 mutant (Fig. 8D) , whereas its uspA2 mutant (Fig. 8E) bound marginally more C4BP than the wild type. The wild-type O12E strain (Fig. 8F ) appeared to bind very little C4BP, and the uspA1 (Fig. 8G) and uspA2 (Fig. 8H ) mutations had little effect on this minimal binding. Strain FIN2344 (Fig. 8I) bound a relatively large amount of C4BP, mainly via its UspA1 protein, because its uspA1 mutant (Fig.  8J ) bound almost no C4BP, whereas its uspA2 mutant (Fig.  8K) bound levels of C4BP only slightly lower than those bound by the wild-type strain. Finally, the wild-type 7169 strain (Fig.  8L ) and its uspA1 mutant (Fig. 8M) both bound large amounts FIG. 5 . Binding of vitronectin from NHS to M. catarrhalis. Whole-cell lysates were prepared from bacteria that had been incubated with either NHS or HIS as described in the legend to Fig. 3 . Proteins present in these samples were resolved by SDS-PAGE under reducing conditions, transferred to nitrocellulose membranes, and probed with a MAb against human vitronectin. As a loading control, membranes were stained with amido black and the CopB protein of C4BP, comparable to C4BP binding by the positive control strain N. gonorrhoeae FA19 (Fig. 8A) , whereas there was a very large reduction in binding observed with the 7169 uspA2 mutant (Fig. 8N) .
Binding of radiolabeled C4BP to M. catarrhalis strains. Measurement of the binding of radioiodinated C4BP to these strains was used to confirm the flow cytometry-derived data described above. N. gonorrhoeae FA19 and UU1 (Fig. 9A) were used as positive and negative controls, respectively, for C4BP binding. M. catarrhalis strain O35E (Fig. 9B ) bound ϳ10-fold-less C4BP (i.e., 3,000 cpm) than N. gonorrhoeae FA19. The O35E uspA1 and uspA2 mutants (Fig. 9B ) bound less C4BP than O35E. Once again, the O12E wild type and its respective uspA1 and uspA2 mutants (Fig. 9C ) bound barely detectable amounts (i.e., 400 to 800 cpm) of C4BP. M. catarrhalis FIN2344 (Fig. 9D) , and its uspA2 mutant again exhibited high-level binding of C4BP (i.e., 45,000 to 49,000 cpm), whereas its uspA1 mutant bound barely detectable levels of C4BP. Both the wild-type 7169 strain (Fig.  9E ) and its uspA1 mutant bound very high levels of C4BP (i.e., ϳ60,000 cpm), whereas the 7169 uspA2 mutant bound barely detectable levels. Collectively, these results confirm those obtained by flow cytometry.
Measurement of the cofactor activity of C4BP bound to M. catarrhalis cells. C4BP can function as a cofactor for factor I to inactivate surface-bound C4b by cleaving it to release the C4c fragment while the C4d fragment remains attached to the bacterial surface. The C4c MAb used in this study recognizes both C4b and C4c but not C4d (51) . In contrast, the C4d MAb used in this study binds both C4b and the C4d fragment (51) . Therefore, C4d binding is a reflection of the number of C4b molecules deposited on the bacterium and is not influenced by C4b processing. In contrast, C4BP cofac- FIG. 6 . Vitronectin-depleted NHS has bactericidal activity against serum-resistant M. catarrhalis strains. The serum-resistant wild-type M. catarrhalis strains O35E (A), O12E (B), FIN2344 (C), and 7169 (D) and their respective uspA2 deletion mutants (⌬2) were tested in a serum bactericidal assay using both Vn-depleted and mock-treated sera. These wild-type strains were also tested using vitronectin-depleted serum to which 2.5 g of purified vitronectin had been added (Vn-depleted serum/Vn) and HIS to which 2.5 g vitronectin had been added (HIS/Vn). The data represent the mean of two experiments and the error bars represent the standard deviations. An asterisk indicates that the difference between the vitronectin-depleted serum and the mock-treated serum was statistically significant; P ϭ 0.02, 0.007, and 0.0006 for strains O35E, O12E, and 7169, respectively. We used this assay in the context of NHS and measured cofactor activity of C4BP bound on two M. catarrhalis strains, FIN2344 and 7169, which had bound large amounts of purified C4BP (Fig. 8) via their UspA1 or UspA2 proteins, respectively. The C4BP-binding positive control strain N. gonorrhoeae FA19 had a C4d/C4c ratio of 2.9 ( Fig. 10A) , whereas the N. gonorrhoeae negative control strain UU1 yielded a C4d/C4c ratio of 0.8 (Fig. 10A) ; this difference was significant (P ϭ 0.0007). When the wild-type M. catarrhalis strains FIN2344 (Fig. 10B) and 7169 (Fig. 10C) were tested by this assay, it was found that the level of cofactor activity was significantly less (P ϭ 0.005 for FIN2344 and P ϭ 0.002 for 7169) than that observed with N. gonorrhoeae FA19 (Fig. 10A) . In addition, when these two wild-type M. catarrhalis strains were compared to their respective mutants that did not bind C4BP (i.e., the FIN2344 uspA1 mutant and the 7169 uspA2 mutant), there was no decrease in the C4d/C4c ratios ( Fig. 10B and C, respectively) .
These C4BP cofactor activity results suggested either that these two wild-type M. catarrhalis strains, which readily bound purified C4BP at levels equivalent to those bound by N. gonorrhoeae FA19 (Fig. 8) , did not bind much C4BP from NHS or that this NHS-derived C4BP was not functional after binding to M. catarrhalis. To address these two possibilities, the amounts of C4BP bound to the same M. catarrhalis cells used in the cofactor activity assays were measured by flow cytometry (Fig. 10F to K) . It was noted that N. gonorrhoeae FA19 (Fig.  10D) continued to bind C4BP in the context of NHS very well, while the negative control strain UU1 (Fig. 10E) remained a C4BP nonbinder. In contrast, the two wild-type M. catarrhalis a Binding of purified C4BP was measured by flow cytometry. strains ( Fig. 10F and I ) bound much lower levels of NHSderived C4BP than did N. gonorrhoeae FA19 (Fig. 10D) and relative to the amounts of purified C4BP bound by these same two strains (Fig. 8 and 9 ). Under these conditions, the levels of C4BP bound to the wild-type M. catarrhalis strains and their uspA1 and uspA2 mutants (Fig. 10F to K) were low and similar. Collectively, these data provide an explanation for the low and similar C4BP cofactor activity seen among these M. catarrhalis wild-type strains and mutants ( Fig. 10B and C) .
DISCUSSION
The UspA2 protein was previously shown to be directly involved in the serum-resistant phenotype of M. catarrhalis strain O35E (6) . In the present study, mutant analysis of an additional 11 wild-type M. catarrhalis isolates proved that expression of UspA2 was essential for serum resistance of these strains (Fig. 1) . UspA2, which forms a dense layer of projections on the surface of M. catarrhalis (22, 44) , represents an ideal moiety to interact with components or regulators of the complement system. In the present study, we investigated how M. catarrhalis interacts with different components of the complement system in NHS. For this purpose, four serum-resistant strains (O35E, O12E, FIN2344, and 7169) were selected that had already been shown to differ markedly in their binding of purified C4BP (Table 2) . Killing of uspA2 mutants of these four strains by NHS was shown to involve the classical complement pathway (Fig. 2) . It should be noted that a recent study indicated that M. catarrhalis only weakly activates the mannose-binding lectin pathway of complement activation (17) . Analysis of complement deposition on these four M. catarrhalis strains and their uspA2 mutants showed that a readily detectable difference between each pair occurred at the late stages of complement activation, involving the polymerization of C9 and MAC formation (Fig. 4B ). These data, based on direct detection of complement components bound to the surface of wild-type and uspA2 mutant pairs of M. catarrhalis, are consistent with an earlier report in which a hemolytic assay was used to measure consumption of complement components by serum-sensitive and serum-resistant isolates of M. catarrhalis (60) .
The finding that UspA2 appeared to interfere with MAC formation, at least in three of the four serum-resistant strains tested in this study, suggested that UspA2 might be either interfering directly with proper MAC formation or binding a regulator that affects this critical step. Examples of both mech- (27) . Salmonella enterica serovar Typhimurium resisted complement-mediated killing by using its Rck protein to prevent polymerization of C9 (18), whereas Borrelia burgdorferi encodes a CD59-like protein that interferes with MAC formation (43) . Other bacteria recruit natural regulators of the complement system that interfere with MAC formation. Rautemaa et al. (52) showed that Escherichia coli can incorporate glycophosphoinositol-anchored protectin (CD59) and acquire resistance to NHS-mediated killing. Other pathogens, especially gram-positive organisms, including both staphylococci (31) and streptococci (13), can bind vitronectin or clusterin or both, although these organisms are not lysed by the MAC. Interestingly, M. catarrhalis is one of those pathogens that has been reported to bind the MAC regulator vitronectin. M. catarrhalis clinical isolates were reported to differ in their binding of vitronectin, although the bacterial gene product responsible for this binding activity was not identified [Verduin et UspA2-mediated binding of vitronectin and the serum-resistant phenotype, at least for three of the four M. catarrhalis strains tested in the present study. This was supported by three findings. First, serum-resistant wild-type strains bound more vitronectin from NHS than did their serum-sensitive uspA2 mutants (Fig. 5) . Second, expression of UspA2 from these same three strains in a heterologous genetic background (i.e., H. influenzae) resulted in serum resistance concurrent with vitronectin binding (Fig. 7) . Third, vitronectin depletion of NHS resulted in a significant increase in the susceptibility of these three serum-resistant M. catarrhalis strains to bactericidal activity; addition of purified vitronectin to the vitronectindepleted NHS restored the serum-resistant phenotype of these strains (Fig. 6) .
Vitronectin has been shown to regulate complement at the level of MAC assembly at two stages. (i) It binds to the metastable membrane-binding site of C5b-7 (46, 49) . (ii) It binds to the assembling C5b-9 complex and prevents tubular polymerized C9 formation (47) . The heterogeneity of C9 complexes seen on the different M. catarrhalis strains used in this study may be explained by regulation of MAC formation at two levels. Blockade at the level of C5b-7 would lead to the absence of C9 trimer, as seen with the wild-type strain O12E (Fig. 4B) and might explain the slight increase in C7 bound by the O35E and O12E uspA2 mutants (Fig. 4A) . Blockade at the level of C5b-9 may permit formation of C9 trimers but not polymers, as seen with the wild-type strain 7169 (Fig. 4B) . The increased amount of C9 polymerization on the FIN2344 uspA2 mutant compared to the wild-type strain, both of which bound vitronectin very poorly, may suggest that UspA2 itself could block further C9 polymerization. It is also possible that UspA2 may be involved directly, interfering with insertion of fully formed C5b-9 into the bacterial outer membrane. Vitronectin is a multifunctional protein; another important function it subserves is cell attachment by binding to the ␣ v ␤ 3 and ␣ v ␤ 5 integrins via its Arg-Gly-Asp (RGD) domain (50) . It is possible that vitronectin binding to M. catarrhalis may facilitate bacterial attachment to human cells and merits further study.
Nordström et al. (42) recently proposed that M. catarrhalis interferes with activation of the classical complement pathway by binding the complement regulator C4BP to its UspA1 and UspA2 proteins. C4BP interferes with the classical complement pathway by both acting as a cofactor with factor I in the cleavage of C4b and inhibiting the formation and accelerating the decay of the C3 convertase (10) . In fact, within the past decade, there have been numerous reports describing binding of C4BP to different pathogens and the association of this binding with either serum resistance or increased virulence. These pathogens that bind C4BP include Streptococcus pyogenes (57) , N. gonorrhoeae (51) , Escherichia coli K1 (48), and Neisseria meningitidis (26) . A number of these pathogens interact with the second complement control protein domain (CCP2) of the eight CCP domains on the ␣-chain of C4BP (42) . M. catarrhalis is the first bacterium described that uses CCP7 as a recognition site for C4BP binding; in addition, it can also bind to CCP2 and (to a lesser extent) CCP5 (42) . With the exception of M. catarrhalis, CCP1 to CCP3 are the major domains of the C4BP ␣-chain that are used for binding by several bacterial pathogens (7-9, 48, 57) . No specific feature of C4BP binding has yet been identified that, together with factor I, (black bars) and uspA2 (white bars) mutants were incubated with ϳ300 ng of 125 I-labeled C4BP at 37°C for 1 h. After washing was carried out, the radioactivity in the bacterial pellet was measured using a gamma counter and the counts per minute were recorded. These results represent the means of two experiments; the error bars represent the standard deviations. maximizes processing of C4b, which will yield bound C4d in excess of C4c, but we speculate that the specificity of CCP binding and its nature (ionic versus hydrophobic) may vary among M. catarrhalis isolates, thereby producing some that are more susceptible to C4BP processing than others.
When 12 serum-resistant M. catarrhalis strains were tested for their binding of C4BP in the present study, it was found that these strains differed in both the amount of C4BP bound and in whether this binding involved UspA1 or UspA2 (Table  2 ). It was expected that differences in total C4BP binding by these wild-type strains might be reflected by differences in serum resistance. However, even those wild-type strains that bound very small amounts of C4BP (i.e., strain O12E) (Fig. 8) were as resistant to killing by 10% NHS as strains that bound very large amounts of C4BP (i.e., strain 7169) (Fig. 8) . Moreover, it was observed that all the uspA1 mutants were essentially as serum resistant as their wild-type parent strains and that the uspA2 mutants were consistently serum sensitive (Fig.  1) , regardless of their ability to bind C4BP. A similar phenomenon was previously reported for Bordetella pertussis, whose filamentous hemagglutinin (designated FHA) protein binds C4BP; a B. pertussis fha mutant that did not bind C4BP was found to be serum resistant (15) . Similarly, C4BP has been shown to bind the gonococcal type IV pilus (9), but complement regulation and serum resistance as a result of this interaction were not demonstrated.
Among the strains tested in this study, those that bound the largest amounts of purified C4BP were FIN2344 and 7169, which used their UspA1 or UspA2 proteins, respectively, for this purpose (Fig. 8 and 9 ). It must be noted, however, that in the serum bactericidal assay (and likely in vivo), M. catarrhalis encounters C4BP in the context of other serum components. When these two wild-type strains and their uspA1 and uspA2 mutants were incubated with NHS and tested for C4BP cofactor activity (Fig. 10) , there were no significant differences between the wild-type strains and their respective mutants which did not bind purified C4BP. Additional experiments measuring the binding of C4BP from NHS to these M. catarrhalis strains (Fig. 10) established that the lack of cofactor activity could be attributed to a marked decrease in C4BP binding to the wild- , and M. catarrhalis 7169 and its uspA1 and uspA2 mutants (C) were incubated with 20% NHS for 30 min at 37°C. C4BP cofactor activity was measured by flow cytometry using different MAbs against C4c and C4d; the geometric mean fluorescence obtained with each strain and the respective MAb was recorded and then the C4d/C4c ratio was calculated. These data represent the means of three independent experiments, and the error bars represent the standard deviations. *, the difference between FA19 and UU1 was significant (P ϭ 0.0007). (D to K) Flow cytometry-based analysis of C4BP binding by these same strains incubated with 20% NHS for 30 min at 37°C; C4BP bound to these bacterial cells was detected as described in the legend to Fig. 8 . The M1 gate excludes the majority of events obtained with the negative (isotype) control (i.e., bacteria probed with primary and secondary antibodies in the absence of NHS). Representative experiments are shown. (Fig. 6) , a result which suggests that vitronectin binding is not the only mechanism protecting these strains. However, at least for these three strains that bound vitronectin to avoid serum killing, binding of C4BP appeared not to be involved in serum resistance.
The likely existence of another UspA2-mediated serum resistance mechanism that does not involve vitronectin is reinforced by the results obtained with the FIN2344 strain and its uspA2 mutant. Increased binding of C3 by the FIN2344 uspA2 mutant (Fig. 3D) suggests that the UspA2 protein of FIN2344 somehow interferes, directly or indirectly, with the early stages of complement deposition. This increase in complement deposition on the FIN2344 uspA2 mutant, relative to the wildtype parent strain, was also observed with both C7 and polymerized C9 (Fig. 4) . Expression of the FIN2344 UspA2 protein in H. influenzae resulted in serum resistance, but the level of vitronectin binding was much reduced compared to that obtained with the recombinant UspA2 proteins from strains O35E, O12E, and 7169. That this serum resistance phenotype is likely independent of vitronectin binding is reinforced by the observation that vitronectin-depleted NHS was not able to kill the wild-type FIN2344 strain (Fig. 6) . Exactly how the FIN2344 UspA2 protein confers serum resistance on this strain is not apparent from the available data. It is possible that the FIN2344 UspA2 protein somehow interferes with complement deposition or that it binds a complement inhibitor or regulator present in NHS. This additional mechanism(s) remains to be identified and reinforces the fact that multiple and sometimes redundant mechanisms may be crucial for a bacterial species to survive in a hostile environment.
